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Abstract  38 
Background: In the UK, quarterly Johne’s disease milk antibody ELISAs (JD-mELISAs) are 39 
commonly used to classify animals which are likely to be infectious, termed “red cows”. “Red 40 
cows” are classified following two positive results from the previous four tests (e.g. + - - +). All 41 
cattle are also regularly screened for bovine tuberculosis using intradermal avian and bovine 42 
tuberculin, and it is advised to maintain a 60 day interval between a tuberculosis test and JD-43 
mELISA. 44 
Aims: To evaluate the impact of bovine tuberculosis testing on JD-mELISAs, and to quantify 45 
the impact of test specificity and “red cow” classification test pattern on the probability of 46 
infection.   47 
Methods: Four years of individual cow milk records with JD-mELISA results were collated 48 
from 735 dairy farms and matched to tuberculosis testing records. A two-level multivariable 49 
logistic regression model quantified the effect of tuberculosis testing on JD-mELISA result. 50 
The specificity and age-dependent sensitivity of a single JD-mELISA were estimated and used 51 
to calculate likelihood ratios following each test. Using Bayes’ theorem, the posterior 52 
probability of infection with Johne’s disease was calculated for different specificities, ages of 53 
cow, and patterns of test results.  54 
Results: There were increased odds of a positive JD-mELISA if it was ≤30 days (OR: 2.1) or 55 
31-60 days (OR: 1.2) after a tuberculosis test, compared to >90 days. A larger avian skin 56 
reaction at the tuberculosis test was also associated with increased odds of a positive JD-57 
mELISA. The proportion of cows which tested exclusively negative after their first positive JD-58 
mELISA was higher if that JD-mELISA was ≤30 days after a tuberculosis test compared to 59 
>90 days.  The posterior probability of infection reduced substantially when the test specificity 60 
was slightly reduced. In “red cows” classified following two consecutive positive tests, if the 61 
test specificity was reduced to 0.95, then the posterior probability of infection was only >95% 62 
if the prior probability was >13%. If the “red cow” classification was due to two non-consecutive 63 
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positive tests (+ - - +), the posterior probability of infection was only >95% if the prior probability 64 
was >43%.  65 
Conclusions: Testing for Johne’s disease within 60 days of a tuberculosis test is associated 66 
with a higher chance of a positive JD-mELISA and this may reflect a reduction in the ELISA 67 
specificity. Relatively small reductions in JD-mELISA specificity can markedly reduce the 68 
posterior probability of infection which also depends on the pattern of test results which 69 
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1. Introduction 87 
Johne’s disease (JD) is a chronic wasting disease of cattle caused by Mycobacterium avium 88 
subspecies paratuberculosis (MAP). The estimated herd prevalence in the UK is 68%, based 89 
on the presence of antibodies in the bulk milk (Velasova et al., 2017), and the average 90 
seroprevalence within herds is reported to be 22.4% when adjusted for test sensitivity and 91 
specificity (Woodbine et al., 2009). In addition to the welfare concerns of chronic wasting, JD 92 
has a significant economic impact on dairy farms and there is increasing concern about MAP 93 
contributing to the aetiology of Crohn’s disease in humans (Liverani et al., 2014; McAloon et 94 
al., 2019). 95 
 96 
Although it is not always the case, the typical infection dynamics of MAP are considered to be 97 
the infection of young animals followed by a latent period, which can last several years, during 98 
which the disease status of the animal is difficult to determine (Fecteau, 2018; Mortier et al., 99 
2013). In some animals, MAP will eventually evade control by the innate immune system, the 100 
infection progresses and the animal becomes infectious (Arsenault et al., 2014). At this stage 101 
diagnosis may be possible through detection of the organism in faeces or a detectable humoral 102 
immune response to the organism (Jenvey et al., 2018; Nielsen, 2008). One common 103 
diagnostic approach for JD is to identify this humoral immune response using an enzyme-104 
linked immunosorbent assay (ELISA) which can detect antibodies in both milk and serum. The 105 
sensitivity and specificity of a single JD milk antibody ELISA (JD-mELISA) ranges from 0.21 106 
to 0.61, and 0.83 - 1.00 respectively, for animals with detectable MAP in faeces (Nielsen and 107 
Toft, 2008). The sensitivity has been reported to reach 0.79 in older animals for a single JD-108 
mELISA based on modelling which used future test results to define truly infected and non-109 




Farms which are attempting to control JD require identification of infectious animals before 112 
they shed the organism in proximity to susceptible animals. Neonatal calves are considered 113 
to be at the highest risk of infection (Mortier et al., 2013; Windsor and Whittington, 2010), 114 
therefore animals which are likely to be shedding MAP need to be identified prior to calving. 115 
JD-mELISAs are usually conducted repeatedly at regular intervals, often quarterly, on dairy 116 
farms in the UK (Geraghty et al., 2014; Whittington et al., 2019). This is partly due to the 117 
convenience of testing milk in dairy cows, but serial testing also partially mitigates the poor 118 
sensitivity of a single JD-mELISA during the latent phase of infection. This allows the 119 
identification of infectious animals at specific, critical timepoints such as prior to breeding or 120 
drying off. In the UK, these high-risk cows are often termed “red cows” to highlight their 121 
potential shedding status. Nielsen (2008) demonstrated that 35% of cows with consecutive 122 
positive JD-mELISAs, approximately one month apart, would shed MAP within one year. This 123 
was incorporated into control schemes in the UK so that cows with two consecutive positive 124 
tests (2 in 2) were classified as “red cows” and treated as high-risk of being, or becoming, 125 
infectious. Once cows are classified as “red cows” their risk status is not downgraded 126 
regardless of future test results (Orpin et al., 2020a), therefore there needs to be a high degree 127 
of confidence in the validity of this classification.  128 
 129 
One advantage of using quarterly JD-mELISAs is that the infection status of the animal after 130 
each test, the posterior probability of infection (PPI), can be continually updated which each 131 
consecutive result. A recent study in the UK investigated the probability of infection following 132 
serial JD-mELISAs and concluded that the probability of infection after two consecutive 133 
positive tests (2 in 2) was similar to the probability following two positive tests that were not 134 
consecutive (Meyer et al., 2018). However, the reported standard deviations in this study were 135 
large which suggests a wide dispersion of the individual results. In 2018 the largest milk 136 
recording organisation in the UK, National Milk Records (NMR), changed their test 137 
interpretation and subsequent advice to farmers to classify all cows with two positive tests in 138 
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the previous four (2 in 4) as “red cows” (Anon., 2018). Therefore there are currently three 139 
patterns of test results which can result in a cow being classified as a “red cow”: positive-140 
positive (+ +), positive-negative-positive (+ - +), and positive-negative-negative-positive (+ - - 141 
+).  142 
 143 
Another mycobacterium, Mycobacterium bovis which causes bovine tuberculosis (bTB), is 144 
endemic in cattle in the UK and under statutory surveillance with the single intradermal 145 
comparative cervical tuberculin (SICCT) test (Nuñez-Garcia et al., 2018). The SICCT test uses 146 
two purified protein derivatives (PPD) from Mycobacterium bovis and Mycobacterium avium 147 
injected into the cervical skin. The skin thickness is measured prior to inoculation and again 148 
72 h later to detect a delayed-type hypersensitivity immune response to each PPD (de la Rua-149 
Domenech et al., 2006). The testing regime is government mandated under EU legislation 150 
(Council Directive 64/432/EEC), and testing frequency is dependent on the regional 151 
prevalence and previous test results in the herd. Test frequencies range from four-yearly, if 152 
no positive animals have been previously identified and the herd is in a low-risk area, to every 153 
60 days if positive animals have been identified during the previous test.  154 
 155 
It is advised to delay use of JD-mELISAs after a SICCT test due the potential immune priming 156 
nature of PPD inoculation (Varges et al., 2009). The advice regarding the exact interval 157 
between the two tests varies; many countries advise 90 days but in the UK this is often 158 
impractical due to the frequency of bTB testing, therefore a 60 day interval is generally 159 
recommended. Although it has been demonstrated that there is a rise in MAP antibodies 160 
following intradermal inoculation with avian and bovine PPD (Kennedy et al., 2014; May et al., 161 
2016; Roupie et al., 2018), it is not clear whether this represents an elevation due to antibody 162 
cross-reaction or an anamnestic response due to stimulation from PPD inoculation in 163 
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genuinely MAP-infected animals. In other words, the effect of a recent SICCT test could be to 164 
decrease the specificity of the JD-mELISA, to increase its sensitivity, or a combination of both. 165 
 166 
Historically, a similar diagnostic approach to bTB has been used for JD: a MAP derived Johnin-167 
PPD was inoculated intradermally and the reaction to it recorded after 72 h in a similar way to 168 
the SICCT test (Kalis et al., 2003). This skin test is no longer used for JD diagnosis due to 169 
issues with Johnin-PPD production and test specificity because of the homology of MAP and 170 
other mycobacteria, particularly other M. avium subspecies (Collins, 1996). MAP is a 171 
subspecies of M. avium and different MAP strains have between 34-62% spectral profile 172 
similarity with M. avium sbsp. avium assessed with matrix-assisted laser desorption/ionization 173 
time-of-flight mass spectrometry (Ravva et al., 2017). There are antigenic similarities between 174 
the avian, bovine and Johnin PPDs (Gilot and Cocito, 1993), and both avian and Johnin PPDs 175 
stimulate gamma interferon release (Bassey and Collins, 1997; Jungersen et al., 2002). 176 
Therefore, reactions at the avian site of the SICCT test may be due to infection with MAP and 177 
could be relevant to the interpretation of subsequent JD-mELISAs. 178 
 179 
The aims of this study were to quantify the association between bTB testing and JD-mELISA 180 
results, specifically the interval between the two tests and avian skin reactions recorded during 181 
the SICCT test. The patterns of JD-mELISA results subsequent to the first time a cow has 182 
positive test, and following “red cow” classification, were assessed for trends which may 183 
indicate the likely infection status. Additionally, Bayes’ theorem was applied to determine the 184 
posterior probability of infection following different JD-mELISA patterns which classify “red 185 
cows” and using different test specificities.   186 
  187 
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2. Material and methods 188 
The study was conducted following ethical approval from the University of Liverpool Veterinary 189 
Research Ethics Committee (VREC567). Farms were recruited if they supplied milk to the 190 
British supermarket Tesco (Tesco Sustainable Dairy Group) during the period 2014 - 2017. 191 
These farms were required to test for JD four times a year using milk ELISAs as an adjunct to 192 
their regular milk recording. The JD-mELISA results, with accompanying milk records, were 193 
requested directly from milk recording organisations: National Milk Recording group (NMR); 194 
the Cattle Information Service (CIS) and Quality Milk Management Services (QMMS). Records 195 
included cow and herd identification, date of birth, milk recording date and the sample-to-196 
positive ratio (S/P) of the JD-mELISA. All three milk recording organisations used the same 197 
indirect ELISA (IDEXX Laboratories, Maine, USA) and reported the same S/P cut-off for 198 
positive results (≥30%).  199 
 200 
SICCT testing details were requested from the Animal Plant Health Agency (APHA) for all 201 
farms included in the dataset for the period 2012 to 2017. This extended period was used to 202 
include SICCT tests for two years preceding the first JD-mELISA. The data from the APHA 203 
included cow identification, herd identification, breed, date of SICCT test and the difference in 204 
skin thickness between day one and two of the SICCT test at the avian and bovine PPD 205 
inoculation sites. These data were merged by cow ear tag with the milk recording data (Figure 206 
1). The final dataset had one record for each JD-mELISA, with each cow having one or more 207 
records and the interval from the most recent SICCT test, with associated avian and bovine 208 
skin reaction details, included for each record. 209 
 210 
2.1. Association between bTB test and JD-mELISA  211 
A two-level multivariable logistic regression model was fitted using Stata (StataCorp LP, 2016), 212 
the binary dependent variable was JD-mELISA result using a S/P ratio ≥30% as the threshold 213 
11 
 
which is common practice in the UK dairy industry. The interval between SICCT test and JD-214 
mELISA was transformed into a categorical variable with bins chosen to reflect the specific 215 
time intervals of interest: ≤30 days, 31-60 days, 61-90 days and >90 days. The difference in 216 
skin thickness at both the avian and bovine PPD between day one and two of the SICCT test 217 
inoculation sites were also binned to minimise the effects of different testers and small 218 
measurement variabilities between the day one and two of the test. An increase of 4mm is 219 
advised when using a single intradermal tuberculin test for bTB diagnosis (OIE, 2019) and has 220 
been used for JD diagnosis with intradermal Johnin-PPD (Kalis et al., 2003); so the specific 221 
bands used for these categorical variables were ≤2mm, 2 - 4mm, and >4 mm. 222 
 223 
The purpose of the model was to quantify the effects of SICCT to JD test interval and SICCT 224 
test skin reaction on JD-mELISA result. To accurately estimate these effects, all potential 225 
confounders present in the dataset, such as age of cow and stage of lactation, were 226 
considered as covariables and explored in the univariable analysis. Linearity was checked 227 
between dependent and independent variables and continuous variables were discretised 228 
when necessary. If the univariable analysis was statistically significant, at p-value <0.1, the 229 
variable was retained in the multivariable analysis. All covariables were forced into the 230 
multivariable model and retained if they remained statistically significant at p-value <0.05. To 231 
avoid the effects of clustering within cow, and the difficulties of incorporating autocorrelation 232 
into multi-level modelling of repeated binary data, one test was selected randomly from each 233 
cow for inclusion in the final model which took the form: 234 
 235 
𝑙𝑜𝑔𝑖𝑡(𝑦𝑖𝑗) =  𝛽0 + 𝜷𝒊𝒙𝒊




where 𝑙𝑜𝑔𝑖𝑡(𝑦𝑖𝑗) is the natural log of the odds of cow 𝑖 on farm 𝑗 having a positive JD-mELISA, 238 
𝛽0 is a constant, 𝒙𝒊
𝑻 is the vector of covariables for each cow and 𝜷𝒊 is the vector of coefficients 239 
for these covariables, 𝜇𝑗 is a random intercept for each farm. All two-way interactions between 240 
covariables which included at least one of the primary independent variables of interest 241 
(SICCT to JD test interval and SICCT test skin reaction) were explored using a Wald test and 242 
by plotting the predicted values. The final covariables were checked for collinearity which was 243 
minimal.  244 
 245 
2.2.  Analysis of JD-mELISA results subsequent to the first positive result and “red cow” 246 
classification 247 
Firstly, the number of “red cows” (2 in 4) was calculated from the test results in the whole 248 
dataset (Figure 1). The age at which cows became a “red cow” and the proportion of positive 249 
tests afterwards were also calculated. Secondly, to focus on future test results in more detail, 250 
cows which had at least one positive test, and at least one more test subsequently, were 251 
extracted from the full dataset (Figure 1). Cows were categorised by the interval between 252 
SICCT test and JD-mELISA (≤30d, 31-60d, 61-90d or >90d) at the first positive test and then 253 
further divided by the reaction at the avian tuberculin site using a 4mm threshold. The 254 
proportion of subsequent tests which were positive was calculated and categorised as 0%, 1-255 
99% or 100% as the main outcomes of interest were cows which had no more positive tests 256 
and those which had only positive tests. Chi-squared tests were used to assess the differences 257 
in frequency across categories and to assess comparisons between specific categories. The 258 
median age at first positive test and median number of all subsequent tests were calculated 259 
and compared across SICCT test to JD-ELISA intervals (bTB-JD interval) using the Kruskal-260 
Wallis test. Finally, the process was repeated after excluding cows which tested positive for 261 
the first time during the final year of the study window (2017), therefore ensuring all cows had 262 





2.3. Sensitivity and specificity estimation of a single JD -mELISA 266 
The case definition was intended to identify cows that were infected with MAP and progressing 267 
towards becoming infectious and clinically affected; this progression is associated with a shift 268 
to a humoral immune response (Koets et al., 2015; Smith et al., 2016). A non-case definition 269 
was chosen to include cows which were either truly not infected with MAP or had a non-270 
progressing infection which did not result in faecal shedding or persistent MAP antibodies 271 
(Arsenault et al., 2014; Smith et al., 2016). Cows in the full dataset were therefore classified 272 
as JD cases or non-cases based on the pattern of test results, defined using the same criteria 273 
as Meyer et al. (2018). Cows with a minimum of three tests were classified as cases if the final 274 
two test results were positive, and cows with a minimum of nine tests were classified as non-275 
cases if the final eight test results were negative (Figure 1). 276 
 277 
Specificity and age-dependent sensitivity of the milk JD-mELISA were estimated using the 278 
approach described by Nielsen et al. (2013). In order to estimate specificity, a randomly 279 
selected test result was selected from each non-case and the specificity was calculated as the 280 
probability of the selected test being negative; confidence limits were calculated using the 281 
Agresti-Coull interval method (Brown et al., 2001) using the Hmisc package in R (Harrell, 2020; 282 
R Development Core Team 3.6.1, 2019). To estimate sensitivity, a randomly selected test 283 
result was selected from each case and the sensitivity of the test at age t (Se(t)) was calculated 284 
as the probability of the selected test being positive test at a given age. Se(t) was estimated 285 
using a non-linear logistic regression model (Equation 2) with the NLMIXED procedure in SAS 286 
(version 9; SAS Institute Inc., Cary, NC), where 𝑎 is the upper limit of the logit of sensitivity at 287 
maximum age (𝑡), 𝑏 is the scaling factor and 𝑐 is the coefficient of decay as age (𝑡) increases. 288 
𝑙𝑜𝑔𝑖𝑡 (𝑆𝑒(𝑡)) = 𝑎 − 𝑏 ∗ 𝑒− 𝑐∗𝑡 (2) 289 
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The estimated test sensitivity as a function of age at testing (Equation 2) was plotted in R, 290 
confidence intervals were estimated using the delta method of approximating prediction 291 
variance (SAS Institute Inc., 2015). For comparison and context, the same equation was 292 
plotted alongside using parameters estimated in studies with a comparable methodology: 293 
Nielsen et al. (2013) and Meyer et al. (2018).  294 
 295 
2.4. Conditional probability using serial Johne’s disease test results 296 
To calculate the posterior probability of infection (PPI) after each JD-mELISA, the likelihood 297 
ratio given the test result was calculated using Equation 3 for positive (𝐿𝑅+) and negative 298 
results (𝐿𝑅−); where  𝑇 is the test result and 𝐷 is the true disease status of the cow (Dohoo et 299 
al., 2012).  300 
 301 












   (3) 302 
 303 
The estimates for test specificity (𝑆?̂?) and age-dependent sensitivity (𝑆?̂?(𝑡)) calculated in 304 
section 2.3 were substituted into Equation 3 to calculate the likelihood ratio for each test result 305 
given the age (𝑡) of the animal at the test: 306 
𝑆𝑒(𝑡) =  𝑃(𝑇 +|𝐷+)  , 𝑆𝑝 = 𝑃(𝑇 − | 𝐷−) 307 
(4) 308 
𝐿𝑅+(𝑡) =  
𝑆?̂?(𝑡)
1 − 𝑆?̂?





Bayes’ theorem was applied whereby the posterior odds of infection following each test result 311 
were calculated as the product of the likelihood ratio and prior odds. The posterior odds were 312 
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divided by one plus the odds to calculate the posterior probability, termed the posterior 313 
probability of infection (PPI). The PPI following different test results were calculated for any 314 
given prior probability assuming quarterly testing using R This allowed the effect of test pattern 315 
and test specificity to be quantitatively evaluated for different prior probabilities and with 316 
different ages of cow.  317 
In the UK, dairy cows which are considered to be high risk of being infectious for Johne’s 318 
disease are termed “red cows”. This irreversible classification is based on a defined pattern of 319 
test results. Previously, the “red cow” classification required two consecutive positive tests (2 320 
in 2), but the current industry definition is two positive tests in the previous four (2 in 4). 321 
Therefore, there are fundamentally three different test patterns which can define a cow as 322 
“red” using the current 2 in 4 “red cow” criteria: 323 
1. + + 324 
2. + - +  325 
3. + - - + 326 
The first pattern would have also met the previous “red cow” definition (2 in 2), but patterns 327 
two and three would only classify a cow as “red” following the change in definition. Compared 328 
to pattern two (+ - +), pattern three (+ - - +) would result in a cow meeting the “red cow” 329 
classification with a higher number of recent negative tests. Therefore to explore the 330 
differences in probability of infection using different “red cow” test result patterns, the “+ - - +” 331 
test pattern was chosen to highlight the greatest difference in PPI compared to cows with two 332 
consecutive positive tests (+ +). Consequently, the PPI at the point of a cow being classified 333 
as “red” after the “+ +” and “+ - - +” result patterns were modelled, including the effect of using 334 
different test specificities to the one calculated in Section 2.3. 335 
 336 
  337 
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3. Results 338 
3.1. Association between bTB test and JD-mELISA  339 
The dataset was collated from tests that were conducted between 01/01/2014 – 31/12/2017 340 
and consisted of 1,257,354 JD-mELISAs from 225,296 cows on 735 farms. In total, 3.3% of 341 
the JD-mELISAs were positive and 9.4% of cows had at least one positive test result. There 342 
were 928,471 JD-mELISAs which could be matched by cow ear tag to the most recent SICCT 343 
test.. Of these, 2.2% of JD-mELISAs (20,599 tests) were conducted within 30 days of a SICCT 344 
test, and a further 12.5% (115,642) were conducted within 60 days. The proportion of JD-345 
mELISAs which were positive was 5.8% when the SICCT test to JD-mELISA interval was <30 346 
days, 4.0% when it was 30 - 60 days, 3.3% when it was 60 - 90 days and 3.1% when it was 347 
>90 days (X2 = 672.9, df = 3, p-value <0.001).The majority of SICCT tests recorded no or 348 
minimal changes in skin thickness (avian and bovine skin reactions ≤2mm), but 4.4% (41,471 349 
tests) recorded an avian skin reaction greater than 4mm and 1.3% (11,725 tests) recorded a 350 
bovine skin reaction greater than 4mm. 351 
 352 
Univariable analysis was conducted for the following factors: bTB-JD test interval, difference 353 
in skin thickness at both the avian and bovine injection site between days one and two of the 354 
SICCT test, age in years at JD test, days since calving, breed, geographical region of the UK 355 
and milk recording organisation (fixed effects), and farm as a random effect. Each of these 356 
factors had a statistically significant (p-value <0.05) influence on the odds of a positive JD-357 
mELISA (Table 1) and consequently these were initially all forced into the multivariable model. 358 
The only variable which was no longer significant in the multivariable model was bovine skin 359 
reaction (p-value = 0.754), which was highly correlated with the avian skin reaction (r = 0.71), 360 
and this was dropped from the final model. Two-way interactions which included bTB-JD test 361 
interval or avian skin reaction were explored. The only interaction which was significant in the 362 
two-level multivariable model was between bTB-JD test interval and avian skin reaction. The 363 
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model was fitted using only complete records and if the JD test record was matched to a bTB 364 
test record, hence the final model used records from 158,287 cows on 664 farms. All 365 
covariables were all statistically significant (p-value <0.05); the coefficients and odds ratios for 366 
these parameters are presented in Table 2.  367 
 368 
3.2. Analysis of JD-mELISA results subsequent to the first positive result and “red cow” 369 
classification  370 
Table 3 displays characteristics and test results of “red cows”, based on the test pattern that 371 
classified them as such. In the full dataset, 7,308 cows met the classification criteria for “red 372 
cows” using the current definition of 2 in 4 positive tests, which represents 32.6% of all cows 373 
which had at one or more positive tests in the study period (N = 22,401). Of cows which had 374 
one or more positive tests in the study period and also recorded at least four more subsequent 375 
tests (N = 9,296), 35.3% became “red cows” (2 in 4). The majority of “2 in 4 red cows” (80.0%, 376 
5,846) were classified as “red” after two consecutive positive tests, with the remainder 377 
classified following either the “+ - +” (867) or “+ - - +” (595) result patterns. Although 30.7% 378 
(2,241) of “red cows” did not record any further tests after meeting the criteria to be classified 379 
as a “red cow” (2 in 4), 31.2% (2,282) recorded at least four more tests. Of those cows which 380 
recorded at least four more tests, 22.8% (520) had no more positive tests and 21.5% (491) 381 
had only positive tests (Table 3). Regardless of the test pattern that classified cows as “red” 382 
(2 in 4), 87.3% cows (6,382) had two consecutive tests at some stage and therefore would 383 
have also met the previous “red cow” definition (2 in 2), albeit at a later test. Therefore, the 384 
change in “red cow” definition equated to a 14.5% increase in the overall number of “red cows” 385 
within the limits of this dataset.  386 
 387 
The proportion of tests that were positive after the first positive test for each cow is displayed 388 
in Table 4, sub-divided by SICCT test to JD-mELISA interval (bTB-JD interval) and avian skin 389 
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reaction at the SICCT test. The general trends indicated that the proportion of cows which had 390 
either only positive or only negative subsequent tests varied depending on bTB-JD interval (X2 391 
= 141.2, df = 3, p-value <0.001). For example, a greater proportion of cows did not record any 392 
further positive tests if the bTB-JD interval was ≤30 days compared to >90d, and particularly 393 
if the avian skin reaction was ≤4mm at the SICCT test (X2 = 65.0, df = 1, p-value <0.001). 394 
Additionally, regardless of bTB-JD interval, an avian skin reaction >4mm was associated with 395 
more cows having only positive tests after their first positive test than cows having only 396 
negative tests (X2 = 60.1, df = 1, p-value <0.001). For example if the bTB-JD interval at the 397 
first positive test was >90 days, 30.4% of cows (146) which had an avian skin reaction >4mm 398 
recorded only positive tests and 42.1% (202) recorded only negative tests, whereas if the 399 
avian was reaction ≤4mm 20.8% of cows (1,444) recorded only positive tests and 56.6% 400 
(3,924) recorded only negative tests (X2 = 41.1, df = 2, p-value <0.001). This approach was 401 
repeated after excluding cows which recorded their first positive test in the final year of the 402 
study window (2017), displayed in Supplementary Table 1. It was also applied to the test 403 
results subsequent to “red cow” (2 in 4) classification, displayed in Supplementary Table 2. 404 
The general trends were consistent and statistically significant in both cases (X2 = 249.7 and 405 
60.9 respectively, p-value <0.001 in both cases), but the number of cows eligible for analysis 406 
was smaller in these sub-sets.  407 
 408 
3.3. Sensitivity and specificity estimation of a single JD-mELISA  409 
From the full dataset, 3,904 cows were defined as cases and 42,704 cows were defined as 410 
non-cases (Figure 1). The characteristics of cases and non-cases, including number of tests, 411 
number of positive tests, and age at final test are displayed in Table 5. The specificity of a 412 
single test was estimated to be 0.996 (95% CI: 0.995 - 0.996). The age-dependent sensitivity 413 
was estimated from the non-linear logistic regression model (Equation 2) with parameters: a 414 
=1.551 (SE: 0.257), b = 4.870 (SE: 0.598) and c = 0.329 (SE: 0.080). It was therefore 415 
estimated that the test sensitivity was 0.28 (95% CI: 0.22 - 0.33), 0.56 (95% CI: 0.54 - 0.58) 416 
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and 0.71 (95% CI: 0.69 - 0.73) at two, four and six years old, respectively. Figure 2 displays 417 
the estimated test sensitivity as a function of age at testing (Equation 2) plotted alongside the 418 
same equation using parameters estimated by Nielsen et al. (2013) and Meyer et al. (2018). 419 
 420 
3.4. Conditional probability using serial Johne’s disease test results  421 
The relationship between prior and posterior probability of infection with different test result 422 
patterns and different test specificities were modelled, accounting for changing test sensitivity 423 
with age as described in Section 3.3.  The PPI in “red cows” classified after the “+ +” and “+ - 424 
- +” test result patterns are displayed with different test specificities in Figure 3, if the cow was 425 
four-years old at the first of those tests. If the test specificity was 0.996, following two 426 
consecutive positive tests (“+ +”, Figure 3a), the prior probability needed to be at 0.1% or more 427 
to produce a PPI of at least 95%. If the specificity was reduced to 0.986 then the prior 428 
probability needed to be at least 1.1% to produce the same result, and 12.6% if the specificity 429 
was 0.95. The effects of reducing the test specificity had more substantial effects with the “+ - 430 
- +” test pattern (Figure 3b), for example if the test specificity was 0.95, a prior probability of 431 
at least 42.9% was required to produce a PPI of at least 95%.  432 
The effect of negative test results on the PPI increased with the age of the animal due to the 433 
age-dependent sensitivity and are displayed for two and six year old animals in Figure 4 using 434 
the specificity estimate from this dataset (0.996). The PPI following consecutive negative tests 435 
can be read from this graph for any given prior probability of infection; for example ten 436 
consecutive negative quarterly tests are required to produce a PPI of less than 5% from a 437 
starting prior probability of 95% in a two year old animal, but only five tests in a six year old 438 










4.1. Association between bTB test and JD-mELISA  445 
The odds of a positive JD-mELISA were highest when the bTB-JD interval was ≤30d days, 446 
but also elevated when the bTB-JD interval was 31 - 60 days compared to >90 days. There 447 
was not an increase in the odds of a positive JD-mELISA if the bTB-JD interval was 61 - 90 448 
days compared to >90 days. A recent Spanish study demonstrated an increased odds of a 449 
positive JD test if the interval between bTB test (using bovine PPD only) and JD test was less 450 
than 90 days compared to greater than 90 days, although only 3.6% of the JD tests in this 451 
study were <90 days after a bTB test so shorter bTB-JD intervals were not explored (Picasso-452 
Risso et al., 2019). Unfortunately, due to the current situation in the UK, it can be challenging 453 
to avoid a short bTB-JD interval as many herds are often required to have frequent SICCT 454 
tests parallel to regular JD testing. Therefore, despite contrary advice 14.7% of JD-mELISAs 455 
in this dataset were within 60 days of a SICCT test. As the greatest effect on JD-mELISA was 456 
present when bTB-JD interval was 30 days or less, every effort should be made to avoid 457 
testing in this window if it is not possible to wait the recommended interval of 60 days. A 458 
limitation of this study was the reliance on farm records which are not always complete, and 459 
this resulted in cows being excluded from the regression model. It is not known, but neither is 460 
it likely, if data were missing completely at random because well managed farms often have 461 
good records and vice versa.  462 
In addition to bTB-JD interval and avian skin reaction, the other covariables in the multivariable 463 
model all had a statistically significant association with the odds of a positive JD-mELISA 464 
(Table 2). Milk yield has been demonstrated to be negatively correlated with antibody 465 
concentration in milk (Eisenberg et al., 2015), which corroborates the negative association 466 
observed between yield and odds of a positive JD-mELISA. There was a positive association 467 
between age and odds of a positive JD-mELISA which has been previously reported (Beaver 468 
et al., 2017; Eisenberg et al., 2015), and one which is consistent with current understanding 469 
about the immune response to MAP infections (Koets et al., 2015). The relationship between 470 
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odds of a positive JD-mELISA and stage of lactation indicated that the odds were greatest in 471 
the first 30 days after calving, compared to later in lactation; previous studies observed that 472 
MAP antibodies were highest at either end of the lactation (Eisenberg et al., 2015; Jakobsen 473 
et al., 2000; Nielsen et al., 2002). The only breed that were significantly different to Holstein-474 
Friesians were Jerseys, which a previous study also indicated have an increased probability 475 
of testing positive for JD (Jakobsen et al., 2000). Scottish herds had lower odds of a positive 476 
JD-mELISA than other regions, although the differences between Scotland, East England and 477 
South-East England were not statistically significant. There are no recent studies which report 478 
the JD prevalence in all regions of the UK, but these results broadly reflect the regional density 479 
of dairy cattle (Anon, n.d.), and may suggest that disease risk is associated with population 480 
density. There was also a statistically significant difference between the individual milk 481 
recording organisations and odds of a positive JD-mELISA, this is likely to be confounded by 482 
farms electing to use specific organisations for the other services offered such as pedigree 483 
classification and registration, or infectious disease screening.  484 
 485 
4.2 Analysis of JD-mELISA results subsequent to the first positive result and “red cow” 486 
classification  487 
In the absence of auxiliary diagnostic testing, it is only possible to speculate whether the 488 
association between SICCT test and JD-mELISA is driven by a change in the specificity or 489 
sensitivity of the JD-mELISAs. Casal et al. (2014) reported improved performance of an M. 490 
bovis antibody ELISA 15 days after intradermal inoculation with bovine PPD, suggesting that 491 
an anamnestic response could be triggered by intradermal PPD inoculation. Roupie et al. 492 
(2018) demonstrated an increase in MAP antibodies in animals which had prior inoculation 493 
with intradermal bovine PPD and were previously seronegative to MAP, although exposure to 494 
MAP was assumed. The authors suggest this could be due to a cross-reactive immune 495 
response as control animals, which had not been experimentally infected with M. bovis, had 496 
minimal increases in MAP antibodies following the intradermal bovine PPD inoculation. A 497 
23 
 
Brazilian study demonstrated an increase in MAP antibodies (using an in-house ELISA) 498 
following a SICCT test in just 2 out of 17 cows in a herd that was considered free from bTB 499 
and MAP. In this case the S/P ratio for MAP antibodies did not exceed the positive threshold 500 
until 60 days or more after the SICCT test (Varges et al., 2009). A study in a 139-cow Irish 501 
dairy herd, which were initially seronegative for MAP antibodies, demonstrated 30% were 502 
seropositive ten days after a SICCT test, and this dropped to 12% after 42 days. This herd 503 
was bTB free but JD had been previously diagnosed and most cows were expected to be 504 
exposed to MAP. Two years after this study, 3 of the 70 cows which were still present in the 505 
herd tested positive for MAP shedding using faecal PCR, only one of which had been ELISA 506 
positive in the original study (Kennedy et al., 2017). Authors of both these studies concluded 507 
that their results most likely suggested a decrease in JD-mELISA specificity following a SICCT 508 
test.  509 
 510 
An attempt was made to quantify the possible effect of bTB-JD interval on JD-mELISA 511 
specificity by excluding JD-mELISA results within 30 days of a SICCT test, and then estimating 512 
the test specificity again from a sub-set of non-cases, as previously described (Section 2.3). 513 
This resulted in 9,784 fewer cows meeting the non-case definition but there was little change 514 
in the proportion of positive test results from non-cases and hence only a negligible change in 515 
the estimated specificity (0.997, 95% CI: 0.996 – 0.997). It is likely that this limited change 516 
reflects the method of specificity calculation rather than the true relationship between SICCT 517 
test and JD-mELISA specificity, discussed in more detail in Section 4.3. 518 
 519 
The trends in JD-mELISA results following the first positive test could be considered to be 520 
crudely representative of the true infection status, in other words a cow which had only positive 521 
test results could be considered truly infected and vice versa. The trends evident in JD-522 
mELISA results after the first positive test suggested that, in some cows, the positive result 523 
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may have been a false positive because they subsequently had exclusively negative results. 524 
This occurred more frequently if the bTB-JD interval was ≤30 days when the cow first tested 525 
positive and if the avian skin reaction recorded was ≤4mm (Table 4). Although there are 526 
limitations to inferring true infection status of cows from serial JD-mELISAs, the consistent 527 
trends lend support to the hypothesis that the SICCT test may decrease the specificity of the 528 
JD-mELISA, particularly if a large skin reaction at the avian site was not recorded. As cows 529 
which tested positive for the first time in the final year of the study period (2017) would have 530 
had fewer subsequent tests than other cows these cows were excluded in case they biased 531 
the results, but the same trends were present (Supplementary Table 1).  532 
 533 
The size of avian reaction recorded at the SICCT influenced the odds of a positive JD-mELISA. 534 
However, there was an interaction with the bTB-JD interval suggesting this relationship is 535 
dependent on how recently it was recorded, in other words the influence of avian reaction on 536 
JD-mELISA decreased as the interval between the two tests increased. Furthermore, the 537 
highest proportion of cows which recorded only positive tests after their first ever positive JD-538 
mELISA, and therefore could be considered to be truly infected, had a bTB-JD interval >60 539 
days and an avian skin reaction of >4mm. One possible explanation of this trend is that the 540 
avian skin reaction is a response to MAP infection (Kalis et al., 2003), and as such these cows 541 
are more likely to have a positive JD-mELISAs in the future, although not necessarily until 542 
disease progression has resulted in a humoral immune response (Stabel, 2000). The 543 
alternative explanation is that the skin reaction indicates exposure to M. avium subspecies, 544 
other than MAP, and these bacteria have stimulated antibodies which cross-react with the JD-545 
mELISA. Therefore, although an avian skin reaction may be an early indication of JD infection 546 
status, these cows should not be considered to be infected with MAP unless this is confirmed 547 
with additional, more specific, diagnostic tests. Further research is needed to clarify the 548 




In this dataset, 30.7% (2,241) of all “red cows” (2 in 4) recorded no further tests (Table 3). Of 551 
the 5,067 “red cows” which were tested at least once more, 46.3% (2,349) recorded only 552 
positive tests and 22.5% (1,138) had only negative tests. Of “red cows” which could be 553 
matched to a SICCT test, 160 cows had a bTB-JD interval ≤30 days for their first positive test 554 
(Supplementary Table 2), and of these 38.1% (61) had only positive tests, and 34.4% (55) had 555 
only negative tests. Despite the small number of cows in this specific sub-set, these skewed 556 
proportions compared to all “red cows” are again supportive of the hypothesis that short bTB-557 
JD intervals result in some cows having falsely positive JD-mELISAs, and therefore the validity 558 
of some “red cow” classifications could be questioned. 559 
 560 
4.3 Sensitivity and specificity estimation of a single JD-mELISA 561 
The estimated specificity in this study was 0.996 and similar to the specificities of 0.995 and 562 
0.987 which were reported by Meyer et al. (2018) and Nielsen et al. (2013) respectively; the 563 
plots of the age-dependent sensitivities (Figure 2) also suggest similar results. Both studies 564 
used serial JD-mELISA analysis and the same ELISA kit, but it is worth noting that different 565 
case and non-case definitions were used in Nielsen et al. (2013): cases were defined as cows 566 
with at least two tests if the final test was positive and non-cases were defined as cows with 567 
at least five tests if the final four tests were all negative. Additionally, a different positive 568 
threshold (S/P ratio ≥15%) was used and this may explain why 79% of cows had only positive 569 
tests following their first positive test compared to 22% in this study (Table 4).  570 
 571 
There are fundamental limitations to defining cases and non-cases by serial results from the 572 
same test because they are predicated on the assumption that the final test results represent 573 
the true disease status of an animal. Firstly, as a defined study window was applied, the final 574 
test results may only represent the last test results within the study period, not the lifetime of 575 
the animal. Secondly, the reaction of a farmer to a specific test result dictates the interpretation 576 
26 
 
of the result. For example, there were 134 cows which met the non-case definition which had 577 
previously had two consecutive positive tests (Table 5). If these cows had been culled 578 
following the second positive test they would have been classified as cases, but because they 579 
were not culled, and subsequently tested repeatedly negative, they were considered to be 580 
non-cases. Finally, the more robustly case and non-case criteria correctly identify truly infected 581 
and non-infected animals, the more the specificity and sensitivity estimates will be biased 582 
upwards; this is implicit in defining cases and non-cases with a repeated single test type. For 583 
example, only cows which have at least eight consecutive tests, and no subsequent positive 584 
tests, can meet the non-case definition. Consequently, although there can be a reasonably 585 
high confidence that these animals are truly not infected, the specificity will be inflated as very 586 
few positive tests remained in this sub-set which could have reduced the specificity estimate. 587 
 588 
There is a balance between having case and non-case definitions, which accurately classify 589 
animals, and more stringent classification criteria which are more susceptible to bias. Meyer 590 
et al. (2018) reported the sensitivity and specificity estimates increased if more tests results 591 
were used to classify cases and non-cases, and vice versa. However, irrespective of the 592 
specific criteria, the influence of on-farm culling decisions, and the intrinsic bias of excluding 593 
positive test results from the non-case sub-set, cannot be incorporated in these definitions and 594 
they will always be susceptible to bias. It is, therefore, important to acknowledge that as PPI 595 
is a function of the likelihood ratio, it is dependent on the specificity and sensitivity values and 596 
therefore higher test characteristics would increase the PPI and vice versa. 597 
 598 
4.4 Conditional probability using serial Johne’s disease test results 599 
In 2019, of the 2,923 dairy herds which reported their elected management strategy from the 600 
UK National Johne’s Management Plan, 77.7% were committed to segregating or culling high 601 
risk cows (Orpin et al., 2020b). This requires confidence that “red cows” are truly infected and 602 
27 
 
represent a risk to other stock, this is what is encompassed by the PPI calculated in this study. 603 
Although there is no universal figure for what PPI threshold would warrant culling an animal, 604 
and culling decisions are rarely based on a single factor, a 95% probability of infection has 605 
been advocated (Meyer et al., 2018). The PPI at the point of “red cow” classification, and the 606 
effect of different test result patterns and test specificity, were modelled (Figure 3). The 607 
specificity estimate in this study was very high (0.996) and two consecutive positive tests (+ 608 
+) in a four year old animal would result in a PPI over 95% in all cases unless the prior 609 
probability was virtually zero. The PPI following the “+ - - +” test pattern, with the same 610 
specificity, is greater than 95% unless the prior probability is less than approximately 0.5%. 611 
The reduced specificities which were modelled showed greater effects with the “+ - - +” pattern 612 
than with the “+ +” pattern. To generate a PPI of at least 95% with “+ - - +” and a test specificity 613 
of 0.986 (i.e. a 1% reduction), the prior probability needs to be greater than approximately 6%. 614 
If the specificity reduced to 0.95, the PPI is less than 95% if the prior probability is less than 615 
43% following “+ - - +”. These results demonstrate that a high degree of confidence in the 616 
infection status of “red cows” is reliant on an exceptionally high specificity, and the (+ - - +) 617 
“red cow” test pattern is very susceptible to small changes in this specificity. Therefore, if 618 
anything reduces the specificity by a small proportion, such as a recent SICCT test, the 619 
posterior probability of infection can be substantially reduced, and care should be taken if 620 
culling decisions are based solely on a “red cow” classification. 621 
 622 
Once cows are classified as “red” they are treated as high risk regardless of future results and 623 
this is based partly on a longitudinal study in Denmark that showed these cows have a higher 624 
probability of shedding in the future (Nielsen, 2008). Consecutive negative test results will 625 
reduce the PPI even if it is initially high, such as in many “red cows”. The number of tests 626 
required to reduce the PPI to a level with a high confidence of the cow being uninfected, such 627 
as a 5% PPI (95% probability of being uninfected), depends primarily on the age-dependent 628 
sensitivity of the test. The modelling of PPI after quarterly, consecutively negative tests 629 
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demonstrated how significantly the age of the animal influences the value of a negative test 630 
(Figure 4). Most cows that become “red cows” are not retained in herds because of the 631 
potential risk they represent and therefore it is not known what further tests in these cows 632 
would reveal.  633 
 634 
The conditional probability approach to serial test interpretation can be applied to specific 635 
cows, using the posterior probability from the previous test as the prior probability for the 636 
subsequent test. This approach requires an initial prior probability which can be taken as the 637 
prevalence of JD in the herd; this can be estimated by calculating the proportion of cows which 638 
have at least one positive JD-mELISA each year and adjusting this result for the average age-639 
dependent sensitivity in the herd and the test specificity (Rogan and Gladen, 1978). In this 640 
dataset the median age of “red cow” classification was 4.8 years and the upper quartile was 641 
6.2 years (Table 3). Therefore, a typical “red cow” may calve for the first time at 24 months, 642 
have three tests each year which are all negative, and then have the second of two 643 
consecutive positive tests at 4.8 years old. If the starting prior probability is assumed to be 644 
16.8%, which is the average adjusted prevalence of JD in British dairy herds reported by 645 
Meyer et al. (2018), then after seven negative tests and two consecutive positive tests the PPI 646 
would be 98.5%. However, given that 25% of cows in this dataset were at least 6.2 years old 647 
when they met the “red cow” classification, they could have plausibly had as many as twelve 648 
negative tests before having two consecutive positive tests. In these cows the PPI at the point 649 
of “red cow” classification would only be 30.0%. Obviously, there are many herds with a lower 650 
prevalence of JD than 16.8% and therefore the PPI in “red cows” would be lower than the 651 
previous examples. This dispersion in PPI can be inferred by the high standard deviations 652 
reported by Meyer et al (2018) and highlights the limitations of defining “red cows” based on 653 
serial test results without consideration of the prior probability of infection, and this is especially 654 




4.5 Conclusions 657 
The odds of a positive JD-mELISA are significantly affected by the bTB-JD interval. The trends 658 
in results following a positive JD-mELISA suggest that some of these are likely to be false 659 
positive results, and more false positive results are more likely if the bTB-JD interval is less 660 
than 30 days, and to a lesser extent if the bTB-JD interval is 31 – 60 days. The PPI in “red 661 
cows” is largely dependent on the test result pattern, test specificity, and prior probability of 662 
infection. Therefore, if the test specificity is reduced, the PPI of “red cows” may not be high 663 
enough to confidently advise culling the animal, especially if cows have not had consecutive 664 
positive JD-mELISAs.  Furthermore, if cows from low prevalence herds do meet the “red cow” 665 
criteria they may still have a low PPI, particularly if they have had multiple negative JD-666 
mELISAs previously. Many farms cull “red cows” and therefore it is important that culling 667 
decisions include consideration of individual test results and herd prevalence; it may also be 668 
beneficial to review the “red cow” classification criteria based on serial JD-mELISAs in low 669 
prevalence herds.  670 
Finally, the odds of a positive JD-mELISA were increased if a large avian skin reaction was 671 
recorded at the previous SICCT test, and more cows had exclusively positive JD-mELISAs 672 
subsequently regardless of the bTB-JD test interval. Therefore, avian reactions recorded 673 
during a SICCT test could be used highlight cows which may be infected with MAP, or at least 674 
cows which are likely to test positive to future JD-mELISAs.   675 
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Table 1. Univariable logistic regression of factors associated with a single positive Johne’s 868 





cows with a 
positive test1 






SICCT test to JD test 
interval  
        
≤30 d  3,456 192 0.62 0.08 <0.01 1.85 1.60 2.15 
31 – 60 d 19,640 724 0.19 0.04 <0.01 1.21 1.11 1.31 
61 – 90 d 36,814 1,169 0.03 0.04 0.34 1.03 0.97 1.11 
>90 d 102,004 3,137 Ref.      
Difference in skin thickness at avian 
site during SICCT test  
       
≤2 mm 149,097 4,509 Ref.      
2 – 4 mm 5,584 247 0.39 0.07 <0.01 1.48 1.30 1.69 
>4 mm 7,233 466 0.79 0.05 <0.01 2.21 2.00 2.44 
Difference in skin thickness at bovine 
site during SICCT test  
       
≤2 mm 152,073 4,924 Ref.      
2 – 4 mm 2,755 180 0.70 0.08 <0.01 2.02 1.73 2.35 
>4 mm 1,864 118 0.67 0.10 <0.01 1.96 1.62 2.36 
Age at recording         
≤3 y 79,900 1,574 Ref.      
3 – 5 y 84,113 2,861 0.55 0.03 <0.01 1.73 1.62 1.84 
>5 y 53,872 2,276 1.03 0.03 <0.01 2.80 2.64 2.98 
Milk yield          
≤15 kg 16,222 1,251 Ref.      
15 – 30 kg 106,039 3,821 -0.76 0.03 <0.01 0.47 0.44 0.50 
30 – 45 kg 80,578 1,979 -1.14 0.04 <0.01 0.32 0.30 0.34 
>45 kg 15,046 360 -1.17 0.06 <0.01 0.31 0.28 0.35 
Days since calving         
≤30 d 22,046 984       
31 – 90 d 49,864 1,227 -0.62 0.04 <0.01 0.54 0.50 0.59 
91 – 150 d 40,946 1,079 -0.55 0.05 <0.01 0.58 0.53 0.63 
151 – 210 d 36,599 991 -0.52 0.05 <0.01 0.60 0.55 0.65 
211 – 270 d 33,848 1,152 -0.28 0.04 <0.01 0.75 0.69 0.82 
271 – 330 d 22,724 954 -0.06 0.05 0.17 0.94 0.86 1.03 
>330 d 18,887 1,001 0.18 0.05 <0.01 1.20 1.10 1.31 
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Breed         
Holstein / Friesian 168,536 5,105 Ref.      
Brown Swiss 910 45 0.51 0.15 <0.01 1.67 1.23 2.25 
Shorthorn 703 36 0.55 0.17 <0.01 1.73 1.23 2.42 
Ayrshire 1,597 61 0.24 0.13 0.07 1.27 0.98 1.65 
Jersey 1,424 79 0.63 0.12 <0.00 1.88 1.50 2.36 
Montbeliarde 1,525 59 0.25 0.13 0.06 1.29 0.99 1.67 
Norwegian Red 887 30 0.11 0.19 0.54 1.12 0.78 1.62 
Swedish Red 1,341 70 0.57 0.12 <0.01 1.76 1.38 2.25 
Other 1,248 65 0.56 0.13 <0.01 1.76 1.37 2.26 
Milk recording organisation        
1 88,135 3,027 Ref.      
2 25,653 1,037 0.17 0.04 <0.01 1.18 1.10 1.27 
3 111,508 3,347 -0.14 0.03 <0.01 0.87 0.83 0.92 
UK region         
Scotland             19,793 405 Ref.      
East/East Midlands   12,813 395 0.42 0.07 <0.01 1.52 1.32 1.75 
North-west      41,278 1,182 0.34 0.06 <0.01 1.41 1.26 1.58 
South-east      8,049 188 0.14 0.09 0.13 1.14 0.96 1.36 
South-west      44,593 1,670 0.62 0.06 <0.01 1.86 1.67 2.08 
Wales      13,955 465 0.50 0.07 <0.01 1.65 1.44 1.89 
West Midlands 37,690 1,245 0.49 0.06 <0.01 1.64 1.46 1.83 
   ICC SE     
Random effect (farm)   0.14 0.01     
 870 
1 The frequency of cows in total and the frequency with a positive Johne’s disease milk 871 
antibody ELISA from a single randomly selected test result from each cow. 872 
Coef.: Regression coefficient; SE: Standard error of coefficient; OR: Odds ratio; CI: 873 
Confidence interval of odds ratio; ICC: Intra-class correlation 874 
 875 
  876 
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Table 2. Two-level multivariable logistic regression model of factors associated with a single 877 
positive Johne’s disease milk antibody ELISA result in 158,287 cows on 664 dairy farms in the 878 
UK 879 
 Coef. SE p-value OR Lower 95% CI Upper 95% CI 
SICCT test to JD test interval        
≤30 d 0.73 0.09 <0.01 2.08 1.73 2.50 
31 – 60 d 0.14 0.05 0.01 1.15 1.04 1.27 
61 – 90 d -0.01 0.04 0.77 0.99 0.91 1.07 
>90 d Ref.      
Difference in skin thickness at avian 
site during SICCT test  
      
≤2 mm Ref.      
2 – 4 mm 0.27 0.09 <0.01 1.31 1.09 1.57 
>4 mm 0.62 0.07 <0.01 1.87 1.62 2.16 
SICCT test to JD test interval x 
Difference in skin thickness at avian 
site during SICCT test interaction 
      
≤30 d x ≤2 mm Ref.      
≤30 d x 2 – 4 mm 0.26 0.35 0.45 1.30 0.66 2.57 
≤30 d x >4 mm 0.54 0.26 0.04 1.72 1.04 2.86 
31 – 60 d x ≤2 mm Ref.      
31 – 60 d x 2 – 4 mm 0.24 0.19 0.21 1.27 0.87 1.85 
31 – 60 d x >4 mm 0.43 0.15 0.01 1.53 1.14 2.06 
61 – 90 d x ≤2 mm Ref.      
61 – 90 d x 2 – 4 mm 0.10 0.17 0.56 1.10 0.79 1.55 
61 – 90 d x >4 mm 0.31 0.13 0.01 1.37 1.07 1.76 
>90 d x ≤2 mm Ref.      
>90 d x 2 – 4 mm Ref.      
>90 d >4 mm Ref.      
Age at recording        
≤3 y  Ref.      
3 – 5 y 0.71 0.04 <0.01 2.02 1.86 2.2 
>5 y 1.22 0.04 <0.01 3.39 3.11 3.70 
Milk yield        
≤15 kg Ref.      
15 – 30 kg -0.67 0.05 <0.01 0.51 0.47 0.56 
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30 – 45 kg -1.15 0.06 <0.01 0.32 0.28 0.35 
>45kg -1.15 0.09 <0.01 0.22 0.19 0.27 
Days since calving       
≤30 d  Ref.      
31 – 90 d -0.59 0.05 <0.01 0.56 0.50 0.62 
91 – 150 d -0.69 0.06 <0.01 0.50 0.45 0.56 
151 – 210 d -0.80 0.06 <0.01 0.45 0.40 0.50 
211 – 270 d -0.67 0.06 <0.01 0.51 0.46 0.57 
271 – 330 d -0.62 0.06 <0.01 0.54 0.48 0.61 
>330 d -0.60 0.06 <0.01 0.55 0.49 0.62 
Breed       
Holstein/Friesian Ref.      
Brown Swiss -0.10 0.19 0.60 0.90 0.62 1.32 
Shorthorn 0.07 0.20 0.75 1.07 0.71 1.59 
Ayrshire -0.22 0.18 0.23 0.80 0.56 1.14 
Jersey 0.36 0.14 0.01 1.43 1.08 1.90 
Montbeliarde 0.29 0.17 0.08 1.33 0.96 1.84 
Norwegian Red 0.18 0.20 0.36 1.20 0.81 1.79 
Swedish Red 0.20 0.14 0.17 1.22 0.92 1.62 
Other 0.31 0.14 0.03 1.37 1.04 1.80 
Milk recording organisation       
1 Ref.      
2 -0.01 0.15 0.96 1.00 0.80 1.26 
3 -0.25 0.08 <0.01 0.78 0.67 0.90 
UK region       
Scotland             Ref.      
East/East Midlands   0.23 0.15 0.14 1.26 0.93 1.69 
North-west      0.32 0.13 0.02 1.38 1.06 1.78 
South-east      0.11 0.19 0.59 1.12 0.77 1.61 
South-west      0.48 0.13 <0.01 1.61 1.24 2.09 
Wales      0.49 0.15 <0.01 1.64 1.22 2.18 
West Midlands 0.47 0.13 <0.01 1.59 1.23 2.07 
       
Intercept -3.29 0.14 <0.01 0.04 0.03 0.05 
 ICC SE     




Coef.: Regression coefficient; SE: Standard error of coefficient; OR: Odds ratio; CI: 881 
Confidence interval of odds ratio; ICC: Intra-class correlation. 882 
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Table 3. The characteristics and subsequent test results of “red cows” (2 in 4) based on the result pattern which resulted in “red cow” 883 
classification. (From 225,296 cows on 735 dairy farms in the UK). 884 
 885 
 
Test pattern that classified cow as "red " 
+ + + - + + - - + Total (all “red cows”) 
Frequency of cows (%) 5,846 (80.0%) 867 (11.9%) 595 (8.1%) 7,308 (100%) 
Frequency of each cows within each “red cow” test pattern which had 
consecutive positive tests at any point 
5,846 (100%) 348 (40.1%) 188 (31.6%) 6,382 (87.3%) 
Median number of tests after cow classified as a "red cow" (IQR) 1 (0 - 4) 3 (1 - 6) 3 (1 - 5) 3 (1 - 6) 
Median age (years) when classified as a "red cow" (IQR) 4.8 (3.7 - 6.1) 4.9 (3.8 - 6.1) 5.2 (4.0 - 6.8) 4.8 (3.7 - 6.2) 
Number of recorded tests after classified as a “red cow”      
Frequency with no more recorded tests (%) 1,921 (32.9%) 204 (23.5%) 116 (19.5%) 2,241 (30.7%) 
Frequency with 1 - 3 more recorded tests (%) 2,240 (38.3%) 298 (34.3%) 247 (41.5%) 2,785 (38.1%) 




IQR: Inter-quartile range; “Red cow”: cow considered high risk of being infectious with Johne’s disease based on two positive test results in the 887 
previous four tests (2 in 4). 888 
Proportion of subsequent tests that were positive after classified as a “red 
cow” if ≥1 more test recorded 
 
0% positive 668 (17.0%) 232 (35.0%) 238 (49.7%) 1,138 (22.5%) 
1 - 99% positive 1,149 (29.3%) 266 (40.1%) 165 (34.5%) 1,580 (31.2%) 
100% positive 2,108 (53.7%) 165 (24.9%) 76 (15.9%) 2,349 (46.3%) 
Total 3,925 (100%) 663 (100%) 479 (100%) 5,067 (100%) 
Proportion of subsequent tests that were positive after classified as a “red 
cow” if ≥4 more test recorded  
 
0% positive 309 (18.3%) 118 (32.3%) 93 (40.1%) 520 (22.8%) 
1 - 99% positive 936 (55.6%) 208 (57.0%) 127 (54.7%) 1,271 (55.7%) 
100% positive 440 (26.1%) 39 (10.7%) 12 (5.2%) 491 (21.5%) 
Total 1,685 (100%) 365 (100%) 232 (100%) 2,282 (100%) 
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Table 4. The proportion of subsequent tests that were positive following a cow’s first ever positive test if cows had at least one more test recorded, 889 
N = 13,193. (A total of 22,401 cows had at least one positive test, 16,497 of these could be matched to the most recent bTB test, of those 3,304 890 
cows had no further tests after their first positive test.)  891 
 Number of cows with each proportion of positive tests following their first positive test (%) 
bTB - JD test interval at first 
positive JD test (days) 
≤30d 31-60d 61-90d >90d 
Change in skin thickness at 
avian site during SICCT test 
≤4mm >4mm ≤4mm >4mm ≤4mm >4mm ≤4mm >4mm 
Proportion of 
subsequent tests that 
are positive after the 
first positive test a 
0% 464 (69.3%) 41 (53.2%) 1,136 (57.1%) 78 (44.3%) 1,356 (51.7%) 108 (43.0%) 3,924 (56.6%) 202 (42.1%) 
1-99% 150 (22.4%) 21 (27.3%) 568 (28.6%) 62 (35.2%) 612 (23.4%) 59 (23.5%) 1,561 (22.6%) 132 (27.5%) 
100% 56 (8.4%) 15 (19.5%) 284 (14.3%) 36 (20.5%) 654 (24.9%) 84 (33.5%) 1,444 (20.8%) 146 (30.4%) 
Total 670 (100%) 77 (100%) 1,988 (100%) 176 (100%) 2,622 (100%) 251 (100%) 6,929 (100%) 480 (100%) 
Median number of tests after 
first positive test (IQR) b 
5 (3 - 8) 5 (2 - 7) 3 (2 - 6) 4 (2 - 7) 
Median age in years at first 
positive test (IQR) c 
4.0 (2.9 - 5.4) 4.1 (3.0 – 5.4) 4.2 (3.2 – 5.7) 4.5 (3.3 – 5.9) 
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a Pearson’s Chi-squared test to compare proportion of tests that were positive following the first positive test for different bTB-JD test intervals 892 
and avian reaction details, X2 = 249.7, df=14, p-value <0.001 893 
b Kruskal Wallis test to compare the median number of tests recorded after the first positive test for different bTB-JD test intervals, X2 = 239.0, 894 
df=3, p-value <0.001 895 




Table 5. Characteristics of cows which met the “case” or “non-case” definitions. (From total 898 
dataset of 225,296 cows on 735 dairy farms in the UK).  899 
 900 
 901 
IQR: Inter-quartile range 902 
1 Cows which also met the previous definition of “red cows”: two consecutive positive tests (2 903 
in 2) 904 
2 Cows which also met the current definition of “red cows”: two positive tests in the previous 905 
four tests (2 in 4) 906 
 907 
 Cases Non-cases 
Definition 
Minimum of 3 tests, final 2 
tests were positive 
Minimum of 9 tests, final 8 
tests were negative 
Frequency  3,904 42,704 
Median number of tests (IQR) 7 (4 - 7) 11 (10 - 13) 
Median number of positive tests (IQR) 3 (2 - 5) 0 (0 - 0) 
Range of positive tests  2 - 16 0 - 5 
Median age (years) at final test (IQR) 5.5 (4.3 - 6.9) 6.1 (5.2 - 7.3) 
Frequency of 2 in 2 “red cows” 1 3,904 134 
Frequency of 2 in 4 “red cows” 2 3,904 192 
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Flow chart of data management and analysis
Figure 2. The predicted Johne’s disease milk antibody ELISA sensitivity at different ages. Age-dependent sensitivity calculated 
using a non-linear logistic regression model (Eq. (2)) with shaded area showing the 95 % confidence interval.
Recent publications which used the same method are included for comparison (Nielsen et al., 2013; Meyer et al., 2018).
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Supplementary Table 1. The proportion of subsequent tests that were positive following a cow’s first ever positive test if cows had at least one 908 
more test recorded, excluding cows which tested positive for the first time in 2017 (the final year of the study window). N = 9,927 (A total of 14,851 909 
cows had at least one positive test in 2014 – 2016; 11,024 of these could be matched to the most recent bTB test, 1,097 cows had no further 910 
tests after their first positive test.)  911 
 912 
a Pearson’s Chi-squared test to compare proportion of tests that were positive following the first positive test for different bTB-JD test intervals 913 
and avian reaction details, X2 = 249.7, df=14, p-value <0.001 914 
 Number of cows with each proportion of positive tests following their first positive test (%) 
bTB - JD test interval at first 
positive JD test (days) 
≤30d 31-60d 61-90d >90d 
Change in skin thickness at 
avian site during SICCT test 
≤4mm >4mm ≤4mm >4mm ≤4mm >4mm ≤4mm >4mm 
Proportion of 
subsequent tests that 
are positive after the 
first positive test a 
0% 390 (68.2%) 32 (50.8%) 808 (54%) 50 (41%) 924 (48.5%) 71 (40.1%) 2,819 (53.9%) 139 (38.9%) 
1-99% 142 (24.8%) 20 (31.7%) 520 (34.8%) 55 (45.1%) 549 (28.8%) 54 (30.5%) 1,446 (27.6%) 121 (33.9%) 
100% 40 (7%) 11 (17.5%) 168 (11.2%) 17 (13.9) 432 (22.7%) 52 (29.4%) 970 (18.5%) 97 (27.2%) 
Total 572 (100%) 63 (100%) 1,496 (100%) 122 (100%) 1,905 (100%) 177 (100%) 5,235 (100%) 357 (100%) 
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Supplementary Table 2. The proportion of tests that were positive following a cow being classified as “red” based on two positive tests in the 915 
previous four tests (2 in 4), only cows with at least one more test after being classified as “red” are included. The SICCT testing information 916 
relates to the most recent SICCT test when cows had their first positive test result. N = 3,684 (A total of 7,308 cows were classified as “red cows”, 917 
5,277 of these could be matched to the most recent bTB test at their first positive JD test, 1,593 cows had no further tests after being classified 918 
as a “red cow”.) 919 
a Pearson’s Chi-squared test to compare proportion of tests that were positive following the first positive test for different bTB-JD test intervals 920 
and avian reaction details, X2 = 60.9, df=14, p-value <0.001 921 
 Number of cows with each proportion of positive tests following their first positive test (%) 
bTB - JD test interval at first 
positive JD test (days) 
≤30d 31-60d 61-90d >90d 
Change in skin thickness at 
avian site during SICCT test 
≤4mm >4mm ≤4mm >4mm ≤4mm >4mm ≤4mm >4mm 
Proportion of 
subsequent tests that 
are positive after the 
first positive test a 
0% 49 (36.6%) 6 (23.1%) 158 (28.7%) 14 (20.9%) 152 (19.9%) 10 (11.8%) 427 (22.9%) 29 (15.2%) 
1-99% 37 (27.6) 7 (26.9%) 206 (37.4%) 21 (31.3%) 255 (33.4%) 33 (38.8%) 587 (31.4%) 59 (30.9%) 
100% 48 (35.8%) 13 (50%) 187 (33.9%) 32 (47.8%) 356 (46.7%) 42 (49.4%) 853 (45.7%) 103 (53.9%) 
Total 134 (100%) 26 (100%) 551 (100%) 67 (100%) 763 (100%) 85 (100%) 1,867 (100%) 191 (100%) 
